ABSTRACT In this paper, we investigate the performance of three transmit antenna selection (TAS) schemes for an energy harvesting decode-and-forward relay cooperative network. In the network, the energy-limited relay first harvests the energy from the received signal with the power-splitting scheme, and then utilizes the harvested energy to forward the received signal to the destination. Specifically, exact analytical expressions for the outage probability of the considered network with three TAS schemes are derived for evaluating the impact of key parameters on the outage performance. In order to deeply extract insights, we further present tractable asymptotic outage probabilities for three TAS schemes to characterize the diversity order and coding gain in high signal-to-noise ratio regimes, respectively. In addition, we also analyze the impact of feedback delays on the performance of the optimal TAS scheme, which is quantified by the reduction of diversity order and coding gain. Numerical results sustained by Monte Carlo simulations demonstrate that: 1) the second suboptimal TAS schemes achieve a comparable performance as the optimal TAS scheme with the reduced implementation cost; 2) the relay location has a great impact on the outage performance and the optimal power-splitting ratio; and 3) the feedback delay plays a critical role in determining the diversity order achieved by the considered system. INDEX TERMS Energy harvesting, decode-and-forward (DF) relaying, cooperative relay network, transmit antenna selection (TAS), outage probability.
I. INTRODUCTION
The swift proliferation of wireless multimedia applications coupled with ever growing number of online games has dried up the energy of conventional wireless communication systems. As such, in order to maintain the network connectivity, wireless networks or wireless devices need to be frequently plugged into the power grid for recharging, which greatly affects the user experience. Specifically, in the next generation mobile communication system, i.e., 5G, compared to 4G, the Quality of Experience perceived by users will be greatly improved, such as spectral efficiency and energy efficiency. That is, we need to look for new techniques to prolong the lifetime of energy-constrained wireless networks or wireless devices. In this context, energy harvesting techniques, which can scavenge energy from the external resources, such as solar power, wind energy, piezoelectric and geothermal effects, were proposed in [1] and [2] . However, the limitation of these techniques is that the external resources, e.g., wind and solar, are the inherent randomness and highly dependent on the weather conditions. Inspired by this important observation, radio-frequency (RF) signals-based energy harvesting techniques, as a part of wireless communication networks, have drawn considerable attention from the academia and industry alike [3] , [4] . That is to say, an RF signal not only can carry the information, but also transfer the wireless energy, which facilitates a new energy harvesting technology, i.e., simultaneous wireless information and power transfer (SWIPT).
A. LITERATURE
The fundamental performance limitation as well as efficient design in SWIPT systems with various scenarios are broadly investigated in many prior works. In two seminal works [5] and [6] , the tradeoff between the harvested energy and the achievable rate were investigated, respectively. Unfortunately, in [6] , the authors assumed an impractical receiver circuit, which can decode the information and harvest energy from the same signal simultaneously. Later, two practical energy harvesting receiver architectures, namely time-switching receiver and power-splitting receiver, were proposed in a point-to-point wireless link [7] . Since then, a number of works have investigated different aspects of simultaneous information and energy transfer with practical receivers [8] - [10] . Specifically, in [8] , wireless information and power transfer was first investigated in a co-channel interference environment, and various tradeoffs, i.e., so-called ''outage-energy'' region and ''rate-energy'' region, were analyzed to achieve the optimal energy harvesting mode at receiver. In [9] , a dedicated power beacon was deployed to power the energy-limited information source, and then the average throughput of delay tolerant and intolerant transmission modes was analyzed, respectively. Later, a dynamic power-splitting receiver, where the received signal was split into two streams based on the instantaneous channel condition, was proposed in [10] to improve the system performance.
Recently, since multi-antenna techniques can fully achieve the spatial diversity and spatial multiplexing, RF energy transfer in the context of multi-antenna systems has been broadly investigated in [11] - [18] . Specifically, in order to maximize the efficiency of simultaneous information and energy transmission, some fundamental tradeoffs in designing multiple-input multiple-output (MIMO) systems were discussed in [14] . Furthermore, the authors in [15] considered a multiuser multiple-input single output (MISO) interference channel, where the receivers are characterized by both quality-of-service (QoS) and RF energy harvesting constraints. In [16] , the average throughput performance of energy beamforming in multi-antenna wireless-powered communication networks was investigated in both two transmission modes, respectively. In addition, [17] investigated the optimal transmit beamforming designs for SWIPT in MISO interference channels. Finally, in [18] , the achievable throughput of wireless energy transfer enabled massive MIMO systems was investigated under the condition of imperfect channel state information (CSI).
On the other hand, the applications of RF energy harvesting technique on cooperative relaying networks are also interesting, which have been received much attention. For example, in [19] , two relaying protocols, i.e., time-switching based relaying protocol and power-splitting based relaying protocol, were proposed to enable wireless energy harvesting and information processing at the relay. Later, in [20] , two novel time-switching based protocols for continuous time and discrete time energy harvesting were proposed in amplify-and-forward (AF) and decode-and-forward (DF) relaying networks, respectively. In the co-channel interference scenario, [21] analyzed the ergodic capacity and the outage capacity of RF-based energy harvesting relaying networks with the time-switching and power-splitting protocols, respectively. Given a energy transfer constraint, [22] proposed a relay selection policy to achieve the optimal tradeoff in a maximum capacity/minimum outage probability sense. In [23] , the authors analyzed the effects of lineof-sight and opportunistic scheduling on dual-hop energy harvesting relay systems. In addition, the authors in [24] exploited the direct links in multiuser multirelay SWIPT cooperative networks to improving the outage performance. Afterwards, in order to take advantage of both multi-antenna and cooperative relaying techniques, some recent works have investigated the performance of RF-based energy harvesting multi-antenna relaying networks in [25] - [27] . Specifically, in [25] , three different linear processing schemes were proposed to exploit the benefits of multiple antennas in an energy harvesting relaying system with/without co-channel interference environment. To reduce the implementation complexity and power requirement at the transmitter, [26] proposed a joint antenna selection and power-splitting technique to maximize the achievable rate of energy harvesting relay networks. In [27] , the authors designed a joint relay-andantenna selection scheme in energy harvesting MIMO DF relay cooperative networks to minimize the outage performance. While in [28] , the authors designed optimal and suboptimal linear processing schemes in wireless-powered multi-antenna full-duplex relaying systems with the timeswitching protocol. Furthermore, in [29] , the authors proposed the hop-by-hop information and energy beamforming for wireless powered MIMO relaying systems in the presence of interference at the destination.
B. MOTIVATION AND CONTRIBUTIONS
Different from above all discussed works, in this paper, we focus on investigating the outage performance of an energy harvesting DF relay network with multiple antennas over independent and non-identical Rayleigh fading, taking into account the direct link between the source and destination. In the network, the energy-constrained relay collects the energy from RF signals with the power-splitting protocol, and utilizes the harvested energy to forward the information to the destination when the relay link is selected. Specifically, to reduce the implementation complexity of the system, we design an optimal and two suboptimal TAS schemes at the source for the considered network based on the availability of link CSIs. Moreover, the impact of outdated CSI due to feedback delay on the outage performance of the considered system with optimal TAS scheme is also analyzed. The main contributions of our paper are summarized as follows:
• For all TAS schemes, we derive the exact analytical expressions of the outage probability for the considered system with the power-splitting protocol. The derived VOLUME 6, 2018 results provide an efficient means to evaluate the impact of key parameters on the system performance and allow us to avoid the time-consuming Monte Carlo simulations. In addition, we also provide the exact outage probability expression to quantify the impact of outdated CSI on the outage performance of the considered system with optimal TAS scheme.
• In order to achieve the insights on the design and application of the considered system, we provide the asymptotic outage expressions of all TAS schemes in high SNR regimes. These asymptotic outage expressions easily enable us to obtain the diversity order and coding gain. The analytical results show that three TAS schemes achieve the same diversity order as the conventional relay networks with fixed power supplying. Moreover, we also characterize the diversity order and coding gain achieved by the considered system with optimal TAS scheme in the presence of feedback delay.
• All analytical results are validated by exhaustive Monte Carlo simulations. The impacts of the system parameters, such as antenna number, power-splitting factor, relay location and feedback delay on the outage performance of the considered system are extensively investigated. Numerical results demonstrate that the second suboptimal TAS schemes achieve a similar performance as the optimal TAS scheme with lower implementation complexity. Moreover, feedback delay produces a negative impact on the diversity order, that is when there exists feedback delay, the transmit diversity of the considered system will be reduced to zero.
C. STRUCTURE AND NOTATIONS
The paper is organized as follows. The system model is described in Section II. Section III introduces the three antenna selection schemes. In Section IV, the key performance analysis is provided. In Section V, we present numerical results and discussions. Finally, Section VI concludes the paper and summarizes the findings. Notations: We use bold lower case letters to denote vectors and lower case letters to denote scalars, respectively. The probability density function (PDF) and the cumulative distribution function (CDF) of a random variable (RV) X are denoted as f X (·) and F X (·), respectively. (·)
T denotes the transpose operator and · F denotes the Frobenius norm.
II. SYSTEM MODEL
Let us consider an energy harvesting dual-hop DF relay network as shown in Fig. 1 , which consists of a source (S) equipped with N s antennas, an energyconstrained relay (R) equipped with single antenna and a destination (D) equipped with N d antennas, respectively. Notably, the considered system is of practical importance (e.g. multi-antenna access points communicating via a single antenna mobile relay in wireless networks [30] ), which is also considered in [31] - [33] . In this paper, the following assumptions are adopted: a) We assume that all the terminals operate in half-duplex mode, and the direct link between the source and the destination is available. b) All channels are modeled as quasi-static block flat fading and remain constant over the block time, and varies independently and identically from one block to another. c) As in [34] , full CSIs of links S → R and S → D are available at S, which can be obtained through the traditional channel estimation. d) The relay first harvests the energy from the received source signal, and then forwards the source signal to the destination with the harvested energy when the relay link is selected. Without loss of generality, we assume that the N s × 1 channel vector between S and R is denoted by
T , and its entries follow i.i.d. complex Gaussian distribution with zeromean and variance 1 Since each node in this network is operated in a half-duplex mode, the total transmission consists of two consecutive time slots. During the first phase, the signal x is broadcasted by S with the selected antenna, while D employs the maximal ratio combining (MRC) reception scheme to detect the received signal. For example, when the i-th antenna at S is selected to transmit, hence, the received signals at R and D are respectively expressed as
and
where P s is the transmit power at S, n R is the additive white Gaussian noise with variance σ 2 at R, and n D is the additive noise vector with variance σ 2 at D, respectively. Since the relay is an energy-constrained node, hence, the relay will first replenish the energy from the received signal. As in [24] , we focus on the power-splitting protocol in this paper. 1 Hence, at the end of the first phase, the relay splits the received signal into two streams, one for energy harvesting and the other for information processing. As indicated in [10] , [22] , and [35] , the harvested power at the relay is given by
where α (0 < α < 1) denotes the power-splitting ratio and η (0 < η < 1) is the energy conversion efficiency. Hence, the instantaneous signal-to-noise ratio (SNR) between the i-th antenna at S and R can be derived as
Similarly, the instantaneous SNR between the i-th antenna at S and D during the first phase can be expressed as
In the second phase, R first decodes the received source signal, and then forwards the detected symbol with the harvested energy. Similarly, adopting MRC reception at D, the instantaneous SNR between R and D during the second phase is given by
Similar to [24] and [36] , we adopt the fixed DF protocol at relay. Thus, when the i-th antenna at S is selected, the instantaneous SNR of relaying link can be expressed as
Finally, to reduce the implementation cost of the system, we adopt the selection combining technique at D to combine the direct signal and the relaying signal as in [37] and [38] . Thus, the instantaneous end-to-end SNR of the system with the i-th antenna selected at S is derived as
III. TRANSMIT ANTENNA SELECTION SCHEMES
Now, in the following section, we will take our attention to the proposed three TAS schemes for the energy harvesting DF relay networks based on the availability of link CSIs.
A. OPTIMAL TAS SCHEME
When the full CSIs of links S → D and S → R are available at the center control unit (for example, it may be S or D), the optimal antenna at S is selected by maximizing γ e,i as follows:
where i * is the optimal antenna index at S.
B. SUBOPTIMAL TAS SCHEME
As discussed in the optimal TAS scheme, we find that it requires the full CSIs of S → D and S → R links, which results in a higher implementation cost and the amount of CSIs feedback. To address with this, similar to [39] we propose two suboptimal TAS schemes for energy harvesting MIMO DF relay networks based on the partial CSIs. 1) Suboptimal TAS 1 : In this suboptimal scheme, the antenna at S is selected to maximize the SNR of link S → R. Hence, the selected antenna index is expressed as
From the above equation, we can see that the antenna selected at S only depends on the CSI of link S → R. 2) Suboptimal TAS 2 : In this suboptimal scheme, the antenna at S is selected to maximize the SNR of link S → D. Hence, the selected antenna index is given as
As indicated in this equation, only CSI of link S → D is needed to select the antenna at S. Now, in the following section, we will focus on analyzing the key performance of energy harvesting DF relay networks with the three TAS schemes, respectively.
IV. OUTAGE PERFORMANCE ANALYSIS
In this section, we turn our attention to evaluate the performance of energy-harvesting DF relay networks with three TAS schemes in terms of outage probability. The outage probability is an important performance metric, which is appropriate for evaluating the delay intolerant services, e.g., voice and video. Mathematically, it is defined as the instantaneous end-to-end SNR falls below a given outage threshold γ th , i.e., P out (γ th ) = Pr γ e,i * < γ th ,
where γ th = 2 2R 0 − 1 with R 0 being the target data rate.
A. OPTIMAL TAS SCHEME
From (8) and (9), the outage probability achieved by the optimal TAS scheme can be formulated as
Theorem 1: The exact analytical expression for outage probability of energy harvesting DF relay networks with the optimal TAS scheme can be derived as
where ( The derived analytical result in Theorem 1 provides an efficient way to evaluate the outage performance of the considered system with the optimal TAS scheme, however, it is in general too complex to achieve further insight. Motivated by this, we now look into the high SNR regime, i.e., γ = P s σ 2 → ∞, and present an asymptotic analysis of outage probability, which easily enable us to achieve the diversity order and coding gain.
Corollary 1: In the high SNR regime, i.e., γ → ∞, the outage probability of energy harvesting DF relay networks with the optimal TAS scheme can be approximated as (15) , as shown at the top of this page, where ϑ = Proof: See Appendix B. Remark 1: From (15), we find that the achievable diversity order of energy harvesting DF relay networks with the optimal TAS scheme is the same as that of traditional MIMO DF relay networks, which demonstrates that the powersplitting ratio has no impact on the diversity order. However, the power-splitting ratio affects the outage performance of the considered system through the coding gain.
B. SUBOPTIMAL TAS 1 SCHEME
In the first suboptimal TAS scheme, the antenna at S is only selected based on the CSI of link S → R. That is to say, it corresponds to a random antenna selection for link S → D. Hence, according to (8) and (10), the outage probability achieved by this suboptimal TAS scheme can be formulated as 
Theorem 2:
The exact analytical expression for outage probability of energy harvesting DF relay networks with the suboptimal TAS 1 scheme can be derived as
Proof: See Appendix C. From Theorems 1 and 2, we can see that the difference of the outage probabilities achieved by optimal TAS scheme and suboptimal TAS 1 scheme lies in the first part of Eqs. (14) and (10), which is independent of the relaying link. This is due to that in the optimal TAS scheme, the selected antenna is the optimal to both the direct link and the relaying link, respectively.
Likewise, we now turn our attention to analyzing the asymptotic outage probability in the high SNR regime and we have the following key result.
Corollary 2: In the high SNR regime, i.e., γ → ∞, the outage probability of energy harvesting DF relay networks with the suboptimal TAS 1 scheme can be approximated as (18) , as shown at the top of this page.
Proof: Similarly, as in the proof of Corollary 1, the above result can be easily obtained after some simple mathematical manipulations.
C. SUBOPTIMAL TAS 2 SCHEME
In this section, we focus on analyzing the outage performance of the considered system with the suboptimal TAS 2 scheme. As indicated in (8) and (11), the outage probability achieved
by the suboptimal TAS 2 scheme is given by Theorem 3: The exact analytical expression for outage probability of energy harvesting DF relay networks with the suboptimal TAS 2 scheme can be derived as
Proof: It is easily to obtain the above result by following similar steps as in Theorem 2. Now, in the following, we turn our attention to analyze the outage probability of the suboptimal TAS 2 scheme in the high SNR regime, and we have the following key result.
Corollary 3: The outage probability of energy harvesting DF relay networks with the suboptimal TAS 2 scheme can be derived as (21) , as shown at the top of this page, where C denotes the Euler's constant [40, eq. (8. 
367.1)].
Proof: Similarly, as in the proof of Corollary 2, the above result can be easily obtained after some simple mathematical manipulations.
D. IMPACT OF FEEDBACK DELAY
In practice, the transmit antenna may be selected based on the outdated CSI due to feedback delay. Thus, in this section, the impact of feedback delay on the outage performance of optimal TAS scheme for energy harvesting DF relay networks is studied. 2 Without loss of generality, we assume that the transmit antenna at S is selected based on the outdated CSIs of links S → D and S → R, which are feeded back from the receivers R and D, respectively. In order to make the subsequently analysis tractable, we first model the CSIs of links S → D and S → R as follows:
where h 1,i and h 0,i denote the outdated CSIs between the i-th antenna at S and R, and the i-th antenna at S and D, respectively. ρ 1 and ρ 0 are the time correlation coefficients, which are defined as ρ i = J 0 (2π f i τ i ) with f i being the maximum Doppler frequency and τ i being the time delay of feedback, respectively. e 1 and e 0 represent the error variables, which are utilized to quantify the correctness of feedback. Now, under this model, we present the outage performance of optimal TAS scheme with feedback delay in the following.
Theorem 4:
The exact analytical expression for outage probability of energy harvesting DF relay networks with the optimal TAS scheme in the presence of feedback delay can be derived as (24) , as shown at the top of this page, where ϒ (·, ·) is the lower incomplete Gamma function [40, eq. (8.350 Following, we present the asymptotic outage probability of optimal TAS scheme to evaluate the impact of outdated CSI on the achievable diversity order and coding gain.
Corollary 4: The outage probability of energy harvesting DF relay networks with optimal TAS scheme in the presence of feedback delay can be derived as (26) , as shown at the bottom of the next page.
Proof: By following similar steps to those in Appendix B, the asymptotic outage probability for the optimal TAS scheme in the presence of feedback delay can be easily obtained. VOLUME 6, 2018 
E. THE OPTIMAL POWER-SPLITTING RATIO
For the delay intolerant transmission, the source transmits at a constant rate R 0 = 1 2 log (1 + γ th ), which may be subjected to outage due to fading. Hence the average throughput can be expressed as
where ∈ {opt, sub1, sub2, delay}. Now, by substituting Eq. (14), Eq. (17), Eq. (20) and (24) into Eq. (27) , the average throughput achieved by the considered system with three TAS schemes can be easily evaluated.
On the other hand, having characterized the average throughput of the considered system, the optimal powersplitting α can be obtained by solving the following optimization problem.
In general, due to the complexity of the involved expression, obtaining an exact closed-form solution of α * is very challenging. However, it can be efficiently solved by a onedimensional search, or instead, it can be numerically evaluated using the build-in function ''NSlove'' of Mathematica.
V. NUMERICAL RESULTS
In this section, Monte Carlo simulations are provided to validate the analytical results and evaluate the impact of key parameters on the average throughput of the system. Unless otherwise specified, the following parameters are set: the power-splitting factor α = 0.5, the energy conversion efficiency η = 0.8 and the outage threshold γ th = 1. Similar to [42] , the average channel power gains are modeled as
, where d 0 , d 1 and d 2 are the distances between source and destination, source and relay, and relay and destination, respectively, τ denotes the path loss exponent. In addition, we set d 0 = 5m, d 1 + d 2 = d 0 , and τ = 2, respectively. As indicated in these figures, we can see that the analytical results are in good agreement with the simulation results and the asymptotic curves work quite well at high SNR regimes, which corroborates the accuracy of our derivation.
Figs. 2 and 3 show the impact of antenna numbers N s and N d on the outage probability of the considered system with three TAS schemes, respectively. As illustrated in these two figures, we can see that the outage performance of three TAS schemes can be improved by increasing N s or N d . However, different from the optimal TAS scheme and suboptimal TAS 2 scheme, increasing N s produces a marginal impact on the outage performance of the suboptimal TAS 1 scheme. This is due to the fact that increasing N s does not provide any additional diversity order to the suboptimal TAS 1 scheme. Contrarily, increasing N d can significantly improve
5660 VOLUME 6, 2018 the outage performance of three TAS schemes due to the additional diversity order achieved by all three schemes as indicated in Corollaries 1-3. In addition, compared to the suboptimal TAS 1 scheme, the suboptimal TAS 2 scheme achieves a similar performance as the optimal TAS scheme. 4 investigates the impact of relay location on the outage probability of the system with three TAS schemes, respectively. As shown in the figure, we can see that different from the non-energy harvesting relay system, where the optimal relay location is almost in the middle of the source and the destination, while the optimal relay location for the energy harvesting relay system tends to be close to the source. Moreover, in Fig. 5 , we make a comparison between the energy harvesting relay transmission and direct transmission, where the maximal ratio combining is adopted to combine the received signals during the two slots in direct transmission. As shown in Fig. 5 , we can see that the direct transmission has a better outage performance than that of the energy harvesting relay transmission at the low SNR regime, while the opposite holds in the high SNR regime. This is intuitive, increasing the transmit power at source can increase the harvesting energy at relay, which results in a larger transmit power at the relay during the second phase. Figs. 6 and 7 examine the impacts of the power-splitting ratio and the outage threshold on the outage probability and the average throughput of the considered system, respectively. It is shown in Fig. 6 that there exists an optimal powersplitting ratio for all three TAS schemes as discussed in (28) .
Moreover, when the relay is placed in closed to the source, the optimal power-splitting ratio will be increased due to the fact that since the relay is closed to the source, the quality of the second hop channel becomes the bottleneck in determining the performance of the relaying link. On the other hand, from Fig. 7 , there also exist an optimal outage threshold for all three TAS schemes. This is intuitive, since according to (28) , when the outage threshold is small, the transmit rate R 0 is small; when the outage threshold is large, the outage probability increases significantly, which again degrades the throughput. In addition, we find an interesting phenomenon that the optimal outage threshold is similar to the optimal scheme and the suboptimal TAS 2 scheme. 8 examines the impact of feedback delay on the outage probability of the considered system with optimal TAS scheme. It is shown in this figure, we can see that when there exists no feedback delay, i.e., ρ 0 = ρ 1 = 1, the full diversity order 4 can be achieved by the system. However, when ρ 0 = 1 and ρ 1 = 1, the diversity order achieved by the considered system will be reduced to 2 from the full diversity order 4, which indicates that the feedback delay has a severe detrimental effect on the outage probability.
VI. CONCLUSIONS
In this paper, we have proposed three TAS schemes for energy harvesting DF relay networks with power-splitting scheme based on the CSI of different links. Specifically, in order to evaluate the performance of the proposed three TAS schemes, the exact analytical expressions for the outage probability of the considered system were derived in non-identical Rayleigh fading channels. In addition, we also investigated the impact of feedback delay on the outage performance of optimal TAS scheme based on the derived analytical results. Moreover, to exploit useful design insights into the system, the asymptotic outage probabilities of the system with all the schemes were provided, which enable us easily to obtain the diversity order and coding gain. The findings of this paper suggest that a) The diversity order obtained by the three TAS schemes is the same as the non-energy harvesting cooperative relay system; 2) The second suboptimal TAS schemes achieve a similar outage performance as the optimal TAS scheme with much lower implementation complexity; 3) The feedback delay has a significant negative impact on the diversity order of the considered system.
APPENDIX A PROOF OF THEOREM 1
In order to derive the outage probability of optimal TAS scheme, we first present the CDF of RV Z = min (1 − α) , αη h RD 2 F as follows [25, Appendix B] :
Since h RD 2 F follows Chi-square distribution, we have
Now, conditioned on Z , the outage probability in (13) can be rewritten as
where E Z [·] denotes the expectation operator with respect to the RV Z . Since h 0,i 2 F follows Chi-square distribution, we have
where γ 0 = γ 0 . On the other hand, according to (4), (6) and (7), we have Pr γ SR,i < γ th = Pr γ h 1,i 2 z < γ th
where γ 1 = γ 1 . Now, with the help of (30), (33) and integration by parts, the expectation in (31) can be derived as (34) , as shown at the top of the next page. To the best of our authors' knowledge, the integral in (34) does not admit a closed-form expression. Hence, in order to avoid the integral expression, we substitute the Maclaurin expansion
of the term exp − 
where we have used [41, eq. (5.1.4)] to solve the corresponding integral. To this end, the desired result in Theorem 1 can be easily obtained after some simple mathematical manipulations.
APPENDIX B PROOF OF COROLLARY 1
With the help of the series expansion of (·, ·) [40, eq. (8.354.2)] and omitting the higher order terms, the approximation of (32) under γ → ∞ is given by Pr γ 0,i < γ th ≈ 1
Similarly, applying the series expansion of (·, ·) to (30), the approximation of (35) under γ → ∞ can be derived as (37) , as shown at the top of this page. Now, by invoking [41, eq. (5.1.12)], the Eq. (37) can be further rewritten as (38) , as shown at the top of this page.
Finally, by combining Eqs. (31), (36) and (38) together, the asymptotic outage probability of the system with optimal TAS scheme can be obtained after performing some mathematical manipulations.
APPENDIX C PROOF OF THEOREM 2
Since the antenna selected at S only depends on the CSI of S → R link, hence the first term in (16) can be derived as follows:
On the other hand, the second term in (16) can be further expressed as Pr max 1≤i≤N s γ SR,i < γ th = Pr (γ XZ < γ th ),
where X = max (42) can be further simplified as the same to (37) . To this end, by combining the above concerned equation, the desired outage probability in Theorem 2 can be easily obtained after some simple mathematical manipulations. Now, by following similar analysis in Appendix C, the desired result can be easily derived after performing some mathematical manipulations.
